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Vesicular Tubular Clusters between the ER and Golgi
Mediate Concentration of Soluble Secretory
Proteins by Exclusion from COPI-Coated Vesicles
and Balch, 1997; Farquhar and Hauri, 1997). So far, two
types of coat complexes, COPI and COPII, have been
found to play a role in pre-Golgi transport. The COPI coat
consists of seven COP proteins that are preassembled in
the cytosol to form a complex called coatomer (Salama
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Utrecht University and Schekman, 1995; Rothman and Wieland, 1996).
COPI coats are predominantly found on VTC mem-3584 CX Utrecht
The Netherlands branes, at the lateral rims of the Golgi cisternae, and
occasionally on the trans-Golgi network (TGN) (Oprins
et al., 1993; Griffiths et al., 1995b; MartõÂnez-MenaÂ rguez
et al., , 1996). COPI coats mediate retrograde transportSummary
from VTCs and Golgi to the ER (Letourneur et al., 1994)
but have also been implicated in anterograde transportWe have determined the concentrations of the secre-
through the Golgi complex (Orci et al., 1997; Nickel ettory proteins amylase and chymotrypsinogen and the
al., 1998). The COPII coat is composed of five proteinsmembrane proteins KDELr and rBet1 in COPII- and
and has been localized to ER-evolving membrane budsCOPI-coated pre-Golgi compartments of pancreatic
and vesicles (Oprins et al., 1993; Barlowe et al., 1994;cells by quantitative immunoelectron microscopy.
Hay et al., 1998). The interaction of the COPII coat com-COPII was confined to ER membrane buds and adja-
plex with cargo membrane proteins might trigger thecent vesicles. COPI occurred on vesicular tubular clus-
formation of ER export vesicles (Kappeler et al., 1997;ters (VTCs), Golgi cisternae, the trans-Golgi network,
Aridor et al., 1998; Dominguez et al., 1998; Kuehn etand immature secretory granules. Both secretory pro-
al., 1998). After budding, COPII vesicles may uncoat toteins exhibited a first, significant concentration step
undergo homotypic fusion to form VTCs (Bannykh andin noncoated segments of VTC tubules and were ex-
Balch, 1998). It is generally accepted that COPII is solelycluded from COPI-coated tips. By contrast, KDELr and
involved in anterograde transport and therefore can berBet1 showed a first, significant concentration in
considered as an anterograde vector (for reviews, Far-COPII-coated ER buds and vesicles and were promi-
quhar and Hauri, 1997; Kuehn and Schekman, 1997;nently present in COPI-coated tips of VTC tubules.
Bannykh and Balch, 1998; Kaiser and Ferro-Novick,These data suggest an important role of VTCs in solu-
1998).ble cargo concentration by exclusion from COPI-
Early immunocytochemical studies have indicatedcoated domains.
that concentration of secretory proteins is initiated at
the ER to Golgi interface (Bendayan, 1984; PosthumaIntroduction
et al., 1984, 1988). Recent in vitro studies have shown
that COPII coats serve as a concentration device forMore than 30 years ago, Palade and coworkers de-
cargo membrane proteins (Balch et al., 1994; Kuehn andscribed in exocrine pancreatic cells the ribosome-free
Scheckman, 1997; Kaiser and Ferro-Novick, 1998). Totransitional elements (TEs) of the endoplasmic reticulum
more precisely define the role of the distinct pre-Golgi(ER) from which vesicles and tubules evolve that trans-
membranes in protein concentration, we have investi-port newly synthesized secretory proteins out of the ER
gated the distribution of COPI- and COPII-coated mem-(Palade, 1975). Since then, similar structures have been
branes in relation to concentration gradients of endoge-identified in many cell types. ER exit sites occur near
nous soluble and membrane proteins at the ER±Golgithe cis-Golgi as well as in the cell periphery. Transport
interface. As a model we have chosen exocrine pancre-between peripheral ER sites and cis-Golgi is microtubule
atic cells, which are specialized in the synthesis anddependent and involves relatively large clusters of tu-
transport of soluble secretory proteins. Furthermore,bulo-vesicular membranes (Presley et al., 1997; Scales
pancreatic cells exhibit a polarized organization andet al., 1997). Collectively, these pre-Golgi membranes
well-developed VTCs. To determine protein concentra-have been named, among others, ER±Golgi intermediate
tions, we have used high-resolution quantitative immu-compartment (ERGIC; Hauri and Schweizer, 1992) or
noelectron microscopy (IEM) in combination with im-vesicular tubular clusters (VTCs; Bannykh and Balch,
proved membrane preservation (Liou et al., 1996). Our1997).
data show equal concentrations of secretory protein inBecause of the complex morphology of VTCs, the
the ER, ER-evolving buds (ER exit sites), and COPIIboundaries between ER, VTCs, and cis-Golgi have re-
vesicles, whereas membrane proteins appeared con-mained controversial, and opinions differ as to whether
centrated in ER buds and COPII vesicles relative to theone or two steps of vesicle formation are required for
ER. An important increase in concentration of secretorytransit through it (for reviews, Pelham, 1995; Bannykh
proteins was detected in VTC tubules with COPI coats
at their tips. Within these tubules, secretory proteins and² To whom correspondence should be addressed (e-mail: j.klumper
recycling membrane proteins exhibited heterogenousman@lab.azu.nl).
distributions. Recycling membrane proteins were found³ Present address: Department of Cell Biology, Medical School, Uni-
versity of Murcia, E-30071 Murcia, Spain. in all VTC subdomains, whereas the secretory proteins
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Figure 1. Distribution of Am and Chtg in
COPII- and COPI-Coated Compartments
(A) Am (5 nm gold) can be detected through-
out the secretory pathway, including the ER,
COPII (15 nm gold)-coated buds at the ER
(arrow), and vesicular/tubular profiles adja-
cent to the ER (arrowheads). Note the gradual
increase in Am labeling density from the ER
over VTC tubules to the Golgi (G) stack.
(B) Chtg (10 nm gold) is present in a subset
of tubules of a peripheral VTC (VTC). In the
ER and a subdomain of the VTC (indicated
with an asterisk), Chtg concentrations are be-
low detection level. The arrow points to an
ER-evolving membrane bud.
(C) Chtg (5 nm gold) is below detectable level
in the COPII (15 nm gold) labeled tubules
shown but is prominently present in VTC tu-
bules at some distance of the ER exits.
(D) Chtg (5 nm gold) localizes to COPI VTC
tubules with COPI (15 nm gold) at their tips.
Note that Chtg labeling is relatively low in
these tips (arrowheads).
(E and F) Like Chtg, Am (5 nm gold) is present
in VTC tubules, with low labeling in the COPI
(15 nm gold)-coated tips of the tubules (ar-
rowheads). The stripes and numbering in (F)
indicate the subdivision of VTC tubules into
segments 1 (COPI-coated) to 3, as used in
the quantitative study (see also Table 4). L,
lysosome.
Bars, 200 nm.
prevailed in COPI-negative regions of the VTC tubules. (Posthuma et al., 1988). Here, we wanted to test this
hypothesis by studying the concentration of Am and aOur data favor a flow of unconcentrated soluble proteins
out of the ER by COPII-coated vesicles and suggest second, less abundant secretory protein Chymotrypsin-
ogen (Chtg) by directly assessing their labeling densitiesthat these proteins are concentrated in VTC tubules
because they are impeded to enter retrograde vesicles. (gold/mm2) in the highest possible structural detail (see
Experimental Procedures for definitions of compart-
ments).Results
As shown in Table 1, Am concentrations in the ER,
TE, and ER buds were similar, as were those of Chtg,Secretory Proteins First Concentrate in VTCs
The morphology of the ER±Golgi interface in pancreatic
cells, including VTCs, has been described in great detail
Table 1. Labeling Densities 6 SEM of Am, Chtg, KDELr, and(Palade, 1975; Sesso et al., 1994). With our improved
rBet1 at the ER±Golgi Interfacecryosectioning technique, the ribosome-free membranes
of the ER, TEs, showed numerous buds and tubular ER TE ER Buds VTCs
protrusions facing the VTCs (Figures 1A, 3, and 4A).
Am 172.0 6 12.4 179.4 6 17.0 185.7 6 29.1 266.5 6 23.9
VTCs comprised a dense network of 50±60 nm tubulo- Chtg 5.7 6 1.0 3.2 6 1.4 5.0 6 3.5 82.6 6 15.9
vesicular membranes interposed between the TE and KDELr 0.05 6 0.02 0.00 6 0.00 0.14 6 0.14 2.33 6 0.28
cis-Golgi (e.g., Figure 1A) but were also found at the cell rBet1 0.07 6 0.02 0.07 6 0.05 0.66 6 0.23 1.28 6 0.22
peripheries (e.g., Figure 1B). For Am and Chtg and for KDELr and rBet1, respectively, 25 and 15
Amylase (Am) is the most abundant protein in rat pan- randomly selected Golgi-associated transitional areas were quanti-
creatic secretion and can be detected by immunogold tatively evaluated. The labeling densities of Am and Chtg were ex-
pressed as number of gold particles per mm2 compartmental surfacelabeling throughout the secretory pathway (Figures 1A,
area; those of KDELr and rBet1 were expressed as gold per mm1E, 1F, and 5C; Geuze et al., 1979; Posthuma et al.,
membrane length. For detailed definitions of the compartments see1988). In a previous study, we have suggested a role
Experimental Procedures. Numbers are means 6 SEM.
for pre-Golgi compartments in the concentration of Am
Protein Concentration in ER±Golgi Intermediates
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Figure 2. Localization of KDELr in Exocrine
Pancreatic Cells
(A) The majority of KDELr (10 nm gold) is ho-
mogeneously distributed on VTC membranes
adjacent to the Golgi (G).
(B) A subset of KDELr (5 nm gold) containing
tubules and vesicles are coated with COPII
(15 nm gold, arrowheads). Some KDELr label-
ing is present in the Golgi (G).
(C) KDELr (10 nm gold) is also found in COPI
(15 nm gold)-coated membranes and buds
(arrowheads).
Bars, 200 nm.
implicating that these secretory proteins are not signifi- and high labeling in VTCs and the cis-Golgi cisternae
(Figure 3). Assessment of the labeling densities (goldcantly concentrated at the ER exit sites. By contrast, a
statistically significant (Student's t test, p , 0.05) 1.53 per mm membrane length) of rBet1 (Table 1) showed a
significant (p 5 0.02) increase of rBet1 concentration inand 163 increase in concentration was measured in
VTCs for Am and Chtg, respectively (Figure 1; Table 1). ER buds, as compared to ER and TE, and a further
increase in VTCs. Thus, in contrast to the two secretoryThese values are most likely underestimates, because
the category of VTC inevitably included those ER buds proteins, this membrane protein was clearly concen-
trated at the ER exits. KDELr mediates the transport ofand protrusions of which continuities with the ER fell
outside the plain of the section. Most importantly, how- soluble ER resident proteins from VTCs and Golgi back
into the ER and TE (Pelham, 1995). KDELr labeling wasever, these data show that a first and significant concen-
tration step of secretory proteins occurs after exiting very low in the ER and TE but prominent in VTC mem-
branes and the Golgi stacks (Figure 2). In the Golgi,the ER and before entering the Golgi.
KDELr was found in all cisternae and along the entire
cisternal membranes, including the lateral rims. LabelingIn Contrast to Am and Chtg, the SNARE Protein
rBet1 Concentrates in ER Buds of the KDELr in ER buds was too low to reveal reliable
densities, but like rBet1 there was a jump in KDELrRecent literature has suggested that membrane proteins
concentrate at the ER exit sites (i.e., in ER buds) (Balch concentration between the ER and VTCs (Table 1).
et al., 1994; Kuehn and Schekman, 1997; Kaiser and
Ferro-Novick, 1998). We next determined the concentra- COPI and COPII Exhibit Differential Distributions
in Exocrine Pancreatic Cellstions of two endogenous transmembrane proteins,
KDELr and rBet1 (Figures 2 and 3). Both proteins cycle We next studied the distribution of COPI and COPII,
known to be involved in pre-Golgi transport, in double-between the ER and Golgi, which results in relatively
high steady-state levels in these compartments. rBet1 labeled sections. Of the total membrane-associated
COPI and COPII, more than 90% was found near theis a SNARE protein implicated in fusion events between
the ER and Golgi (Hay et al., 1997; Zhang et al., 1997). Golgi, and only minor amounts were found in so-called
peripheral VTCs at distance from the Golgi. DetailedrBet1 showed a low but consistent labeling in the ER
Cell
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Figure 3. Localization of rBet1 in Exocrine
Pancreatic Cells
rBet1 (10 nm gold) is found in COPII (15 nm
gold)-coated ER buds (arrowheads), COPII
vesicles, VTC membranes, and the cis-Golgi.
The arrow points to a rBet1-positive, COP-
coated tip of a VTC-tubule, which is not
stained for COPII and probably represents
COPI. The insert shows a double labeling for
rBet1 (10 nm gold) and COPI (15 nm gold).
rBet1 is present in the tip of a COPI-positive
VTC tubule. S, secretory granule; G, Golgi.
Bar, 200 nm.
quantitative analysis of the Golgi region showed that however, that the majority of these COPII-coated vesi-
cles and tubules in fact were emanating from the ERz10% of COPII was present over ER buds (Figure 4A;
Table 2), in agreement with a function of COPII in export (Sesso et al., 1994).
Finally, 7% of the COPII labeling was found on mem-of cargo out of the ER. Indeed, as shown in Figure 1A,
the COPII-coated ER buds contained secretory protein. brane-free areas in the cytosol located in close vicinity
of the Golgi (Figure 4C). These areas contained highBoth COPI and COPII localized to the VTCs (Table 2),
but to distinct subdomains. This is clearly demonstrated concentrations of COPII, suggesting that they are reser-
voirs for non±membrane associated COPII.in Figures 4A and 4B, which show COPII confined to
tubulo vesicles adjacent to the ER, whereas COPI is In contrast to COPII, COPI labeling was more dis-
persed in the Golgi area. COPI was absent from ERpresent at VTC elements close to the cis-Golgi. Similar
data were previously obtained with an antibody against buds, prevailed on VTC tubules, and was present on
buds at the Golgi cisternae and the TGN (Figures 4A,the Sec23p component of the COPII coat (Oprins et al.,
1993). Of note, the high percentage of COPII labeling 4B, 5A, 5B, and Table 2). COPI-coated buds were ob-
served at all levels of the Golgi stacks, mostly at theon VTCs (Table 2) is most likely due to our inability to
discriminate between VTCs and tubular ER buds not rims of the cisternae. An unexpected finding was the
occasional presence of COPI-coated buds on immaturevisibly connected to the ER in the sections. We believe,
Figure 4. Differential Localizations of COPI
and COPII
(A) COPI (10 nm gold) and COPII (15 nm gold)
exhibit nonoverlapping distributions at the
ER±Golgi interface. COPII is present on mem-
brane buds at the transitional elements of the
ER (arrowheads), whereas COPI is found on
membrane buds at VTC tubules and Golgi
cisternae (G) (arrows). The picture shows a
tangential view of a Golgi cisterna at G. The
arrow points to a COPI-labeled bud at a Golgi
cisterna.
(B) Detail of the ER±Golgi interface. Note that
both COPI- and COPII-coated membranes
are often tubular in appearance.
(C) Membrane-free region (asterisk) near the
Golgi (G) contains high levels of COPII but
excludes COPI.
Bars, 200 nm.
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Table 3. Labeling Densities of Am, Chtg, KDELr, and rBet1 inTable 2. Distribution of COPI and COPII within the Golgi Area
of Exocrine Pancreatic Cells COPII Vesicles
Golgi Membrane- Labeling Density in COPII Vesicles
ER Buds VTC Stack TGN Free Area
Am 214.5 6 29.2
Chtg 3.6 6 3.5COPI Ð 70.0 6 4.5 15.6 6 2.4 12.8 6 3.7 Ð
COPII 10.2 6 1.5 77.5 6 4.2 Ð Ð 7.0 6 4.4 KDELr 1.72 6 0.45
rBet1 1.23 6 0.34
Numbers represent the percentages (mean 6 SEM) of total labeling
over the distinct compartments in the Golgi area. Double immunogold-labeled sections were screened for positively
labeled COPII vesicles not visibly connected to the ER. For each
COPII vesicle, the number of gold particles for a cargo protein was
counted, and the surface area (for Am and Chtg) or membranesecretory granules (ISGs) (Figures 5A and 5C). COPI-
length (for KDELr and rBet1) was established as described in thelabeled buds were morphologically distinct from clathrin-
Experimental Procedures. The numbers represent the means of at
coated buds (Figure 5A), the only type of coat so far least 50 COPII vesicles 6 SEM.
found on ISGs (Orci et al., 1985; Tooze and Tooze, 1986;
Klumperman et al., 1998a).
In summary, these observations show that both COPI
and COPII are associated with distinct membranes of we next studied the labeling densities in COPII-coated
profiles adjacent, but not visibly connected, to the ER.the central and peripheral VTCs. COPII is predominant
at the ER exits, whereas COPI is found downstream of In double immunolabeling experiments of COPII and
either Am, Chtg, KDELr, or rBet1, we found that of allCOPII in VTCs, the Golgi, TGN, and ISGs.
COPII-labeled vesicles, 40% was positive for Am, and
2%, 26%, and 19% for Chtg, KDELr, and rBet1, respec-Membrane Proteins but Not Soluble Proteins
Are Enriched in COPII-Coated Vesicles tively. As shown in Table 3, the labeling densities of Am
and Chtg in COPII-labeled vesicles were in the sameHaving found that rBet1, but not Am and Chtg, is con-
centrated in ER exit buds relative to ER and TE (Table 1), order of magnitude as in the ER and ER buds shown in
Figure 5. COPI Is Present on Membranes of
the Golgi, trans-Golgi Network, and Immature
Secretory Granules
(A and B) COPI (10 nm gold) is associated
with membrane buds (arrowheads) evolving
from the rims and central regions of multiple
Golgi (G) cisternae and ISGs. Whereas COPII
(15 nm gold) is restricted to the cis-Golgi side,
COPI is present at both sites of the stack.
COPI-coated buds are morphologically clearly
distinct from clathrin-coated buds (arrows in
[B] and [C]).
(C) Am (5 nm gold) is excluded from COPI (15
nm gold)-coated buds on the Golgi and ISGs




any secretory protein was detectable in COPI buds (Fig-Table 4. Labeling Densities of Am, Chtg, KDELr, and rBet1 in
ure 5C). These observations suggested that secretorySubdomains of COPI-Coated VTC Tubules
proteins are excluded from COPI-coated buds.
To study this quantitatively, we subdivided the VTC
tubules into 35 nm segments, starting at the COPI-
labeled coated tip (segment 1) and continuing away fromSegment 1 Segment 2 Segment 3
the tip with segments 2 and 3 as indicated in Table 4
Am 98.2 6 38.5 368.7 6 87.7 353.4 6 80.7 and Figure 1F. Then, we counted the number of gold
Chtg 122.4 6 38.4 405.7 6 63.6 421.1 6 73.7 particles for Am and Chtg in each segment, determined
KDELr 4.0 6 0.9 4.0 6 0.8 5.0 6 1.0
the relative surface areas of the VTC tubule segments,rBet1 5.5 6 0.9 3.7 6 0.8 3.0 6 1.3
and calculated the labeling densities of Am and Chtg in
In double-labeled sections, VTC tubules were selected that were the segments. Table 4 shows that the densities of Am
labeled for COPI and either for Am, Chtg, KDELr, or rBet1. Starting
and Chtg in segment 1 (i.e., the COPI-coated segment)from the COPI-coated domain, VTC tubules were divided into 35
were significantly lower than in segment 2 and 3 (Stu-nm segments as indicated in the drawing. The number of gold parti-
dent's t test: p 5 0.006 and p 5 0.0002, respectively).cles for Am, Chtg, KDELr, and rBet1 in each segment was counted,
and the relative surface areas and membrane lengths of the seg- It should be noted that because only labeled VTC tubules
ments were determined by morphometry and the labeling densities were taken into account, the density data cannot be
expressed as in Tables 1 and 3. compared to those in Table 1. This quantitative analysis
confirmed that Am and Chtg were underrepresented in
COPI-coated tip segments of VTC tubules, consistent
with a role of COPI in retrograde transport, a pathwayTable 1. In contrast, KDELr and rBet1 exhibited higher
not expected to contain significant amounts of secretorydensities in COPII vesicles than in the ER and TE and
proteins.also exhibited higher densities than in the ER buds (Ta-
COPI has been shown to mediate retrograde transportble 1, Figures 2B and 3). This latter observation suggests
from the Golgi to the ER. Therefore, Golgi to ER recyclingthat the concentration of the membrane proteins in the
proteins are to be expected in COPI buds. Indeed, aCOPII-coated membranes proper is higher than in the
similar quantitative approach as used for Am and Chtgmorphologically defined ER buds in the experiments of
clearly showed the presence of KDELr and rBet1 in theTable 1, which often consist of relatively long membrane
COPI-coated tips of VTC tubules (Figures 2C and 3;tubules with COPII coats only at their tips.
Table 4). rBet1 even seemed slightly enriched in the
COPI-coated segment of the VTC tubule. These differen-
tial distributions of Am and Chtg versus KDELr and rBet1Secretory Proteins Are Excluded from COPI-Coated
along VTC tubules indicate that secretory proteins butBuds on VTC Membranes, Whereas Recycling
not recycling membrane proteins are excluded fromProteins Are Included
forming COPI vesicles at VTC membranes, and theyThe secretory proteins were heterogeneously distrib-
suggest that anterogradely directed soluble proteins areuted in VTC tubules. This was particularly clear in the
prevented from entering nascent COPI-coated vesicles.case of Chtg, which was densely labeled in a subset of
VTC membranes, whereas others were virtually devoid
of label (Figure 1B). Those parts exhibiting a relatively
Discussionhigh labeling for Chtg and Am were mostly tubules with
COPI coats on their tips (Figures 1D and 1E). Because
The view that proteins exit the ER by bulk flow (i.e.,COPI-coated vesicles form at a variety of compartments
nonselectively) (Pfeffer and Rothman, 1987; Wieland et(VTCs, Golgi cisternae, TGN, and ISGs) and have been
al., 1987) was recently challenged by the finding thatimplicated in retrograde transport as well as in antero-
cargo membrane proteins are sorted and concentratedgrade intra-Golgi transport, COPI vesicles may not com-
before being included into ER to Golgi carrier vesiclesprise a uniform category. For quantitation we therefore
(Balch et al., 1994; Kuehn and Schekman, 1997; Kaiserfocused on COPI-coated membranes at the site where
and Ferro-Novick, 1998). These observations, togetherthe first concentration of secretory proteins was ob-
with the finding that COPII interacts with cargo mem-served, the pre-Golgi VTC tubules. It should be noted
brane proteins (Kappeler et al., 1997; Aridor et al., 1998;that for this particular quantitative analysis, only VTC
Dominguez et al., 1998; Kuehn et al., 1998) and thetubules with high levels of secretory protein were taken
identification of two independent cytoplasmic motifsinto account. The numbers obtained (Table 4) can there-
necessary for efficient ER export (Fiedler et al., 1996;fore not be compared with those of the random count-
Nishimura and Balch, 1997; Dominguez et al., 1998),ings depicted in Tables 1 and 3. The distribution of Am
have led to the notion that cargo membrane proteinsand Chtg in these COPI-coated VTC tubules was not
might be sorted and concentrated into ER-derived vesi-homogenous. A careful analysis of the labeling sug-
cles through interaction with COPII coat proteins. A simi-gested that the part of the tubule that was coated with
lar mechanism has been suggested for soluble cargoCOPI consistently contained less label than the non-
(Aridor and Balch, 1996; Rothman and Wieland, 1996;coated regions of the tubule (Figures 1D±1F). Thus, al-
Schekman and Orci, 1996; Kuehn and Schekman, 1997),though the overall labeling density in COPI-coated VTC
but data on the sorting and concentration of solubletubules was significantly higher than in ER and ER buds
proteins in pre-Golgi membranes are rare and controver-(Table 1), the labeling of COPI-coated membrane re-
gions s.s. was relatively low. Similarly, in ISGs, hardly sial (Griffiths et al., 1995a). Sorting of secretory proteins
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would require the presence of specific adaptors or re- for the involvement of COPI in transport out of the ER
(Aridor et al., 1995) and with the proposal that COPIIceptors to mediate interaction with the cytosolic ma-
chinery. Some proteins have been put forward as puta- and COPI act sequentially (Scales et al., 1997; Aridor et
al., 1998).tive cargo receptors, but their interaction with cargo has
remained poorly defined (Fiedler et al., 1996; Itin et al., We show that secretory proteins are underrepre-
sented in segments with COPI coats as compared to1996; Campbell and Schekman, 1997; Kuehn et al.,
1998). Here, we present in situ observations on endoge- noncoated subdomains of VTC tubules. Importantly,
KDELr and rBet1 were found both in the COPI-coatednous secretory protein concentrations at the ER±Golgi
interface in a normal tissue cell and in direct comparison and noncoated VTC segments. This is in agreement with
previous data on another recycling membrane protein,to two endogenous, recycling membrane proteins. Our
data show that in contrast to membrane proteins, the ERGIC53 (Klumperman et al., 1998b). Our observations
on membrane proteins show that the exclusion of secre-concentration of the soluble proteins commences after
exiting the ER and before reaching the Golgi, in VTCs. tory proteins from the COPI-coated regions is selective.
The segregation of secretory proteins and recyclingFurthermore, they provide an in situ demonstration of
the concentration of endogenous membrane proteins membrane proteins in COPI-coated VTC membranes
has two major implications. First, it suggests that COPI-at ER exit sites in mammalian cells.
If transport of soluble cargo out of the ER were to be coated VTC membranes are the first site in the secretory
pathway where anterograde and retrograde proteinsselective, we would expect them in the budding trans-
port vesicles at a higher concentration than in the ER segregate (Aridor et al., 1995; Tang et al., 1997; Klumper-
man et al., 1998b). Second, the exclusion of secretorylumen. By assessing their labeling densities, we now
directly demonstrate that Am and Chtg are not enriched proteins from COPI-coated buds provides a possible
mechanism for their concentration in VTC tubules. Ret-in membrane buds formed at the TEs of the ER as com-
pared to the ER cisternae. Recently, we have demon- rograde transport to the ER is signal mediated and re-
quires the binding of retrieval motifs to COPI complexes.strated in ultrathin cryosections that the gold labeling
densities of a number of ER±Golgi SNAREs (Hay et al., Perhaps, as a consequence of membrane protein accu-
mulation in COPI-coated membrane buds, the entrance1998) and of ERGIC53 (Klumperman et al., 1998b) are
higher in COPII-coated vesicles and ER buds than in of soluble proteins into these segments is impeded,
resulting in their concentration in the noncoated regionsthe ER cisternae. The labeled epitope of ERGIC53 was
luminal, which makes its labeling efficiency comparable of the VTC tubules after COPI vesicles have pinched off.
It has been suggested that COPI vesicles forming onto that of Am and Chtg. Others have shown a 53±153
concentration of VSV-G protein in ER-derived vesicles Golgi cisternae mediate the transport of anterograde
soluble cargo through the Golgi (Orci et al., 1997; Nickelby immunogold labeling of semiintact cells (Balch et al.,
1994; Aridor et al., 1998). We now show that rBet1 is et al., 1998). Indeed we found anterograde soluble pro-
teins in COPI buds on VTC tubules, but with a concentra-about 103 enriched in ER buds over the ER. In addition,
the KDELr labeling was below detectable levels in the tion significantly lower than in the noncoated regions of
the tubules. On the other hand, recycling proteins wereER but prominent in COPII-coated vesicles and tubules.
Thus, although increases in concentration of proteins prominently present in COPI-coated VTC buds, favoring
the view that COPI vesicles forming from VTC tubulesat ER exit sites can be visualized by immunogold label-
ing, no such increase was found for Am and Chtg. Both are involved in retrograde transport. These observations
support a role of the noncoated regions of VTC tubulesrBet1 and KDELr are involved in pre-Golgi membrane
traffic, and their concentration at ER exit sites may be in anterograde transport to the Golgi. An attractive impli-
cation of this concept is that tubules rather than vesiclesrelated to this function. It remains therefore to be estab-
lished whether membrane proteins with other functions carry soluble cargo to the Golgi. In addition to providing
optimal facilities for interactions between content andand destinations in the cell are also concentrated during
egress from the ER. Our data show that differential membrane proteins, such as KDELr, tubules can host
bulky cargo exceeding the size of 50 nm vesicles. Formechanisms exist for different proteins and that concen-
tration of proteins is not obligatory for ER exit. example, procollagen molecules are transported from
the ER to the Golgi as 200 nm rigid rods that do not fitThe first site where we observed a concentration in-
crease of Am and Chtg was in a subset of VTC tubules into small vesicles (Bonfanti et al., 1998). Our model
predicts that such cargo leaves the ER in the tubularthat by double labeling were found to bear COPI coats
at their tips. For Chtg the concentration increase from buds protruding from the TEs.
Depletion of soluble cargo from the retrograde path-ER to these tubules was about 163. Most likely, this
concentration jump was underscored because the VTC way is probably not achieved by a single vesicle budding
event. The COPI-coated tip segments of VTC tubulescategory included the vesicles and tubular profiles that
were COPII positive but not visibly connected to the ER. do contain low but detectable amounts of secretory
proteins. Conceivably, repetitive cycles through theAs shown in Table 1 and in Figures 1A and 1C, these
profiles had an ER-like low content of secretory protein COPI sorting machinery will eventually filter out re-
maining secretory cargo and result in gradually increas-and contributed negatively to the average secretory pro-
tein concentration in VTCs. In contrast to COPII-labeled ing concentrations. Since by far the majorities of the
cell's KDELr, rBet1, and COPI were present in VTCs,tubules, we have not encountered connections of COPI-
coated membranes to the ER, indicating that COPI coats this type of concentration likely predominates in VTCs.
The magnitude of retrograde transport in secretory cellsassemble on membranes downstream of the ER exit
sites. This is in accordance with functional studies in must not be underappreciated. From the ER to secretory
granules (SGs), Chtg becomes concentrated aboutmammalian kidney cells in which no evidence was found
Cell
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described. COPI was detected using a polyclonal antibody against4003 (Oprins et al., submitted). The diameter of the SGs
the EAGE peptide of b-COP, a kind gift of Dr. J. Lippincott-Schwartzis 0.6±0.7 mm and that of the presumptive vesicles that
(National Institutes of Health). Similar labeling patterns were ob-mediate ER to Golgi transport 50±60 nm, resulting in a
tained with an anti-b-COP forwarded by Dr. I. Majoul (University of
103 decreased surface:volume ratio. If soluble proteins GoÈ ttingen). COPII was visualized with a polyclonal antibody against
exit the ER without concentration, as our data suggest, the mammalian homolog of Sec13 (hSec13), provided by Dr. W. J.
these two factors together imply that 40003 more mem- Hong (Institute of Molecular and Cellular Biology, Singapore). Affin-
ity-purified rabbit polyclonal anti-KDEL receptor (ERD2) was also abrane accompanies the soluble cargo when leaving the
generous gift of Dr I. Majoul (Majoul et al., 1998). Mouse monoclonalER than is needed for final packaging in SGs. Although
antibody 16G6 against rBet1 (Hay et al., 1998) was a kind gift of Dr.these values may not be completely accurateÐfor ex-
R. H. Scheller (Stanford University, San Francisco, CA).ample, ER exits may include tubules, and membrane is
also routed to compartments other than SGsÐthey are
indicative for the huge retrograde membrane flow to Tissue Preparation
Male Wistar rats with free access to food and water were used inmaintain the steady-state situation. Another possible
our experiments. To enhance Chtg production, rats were fed rawconsequence of massive retrograde transport is that it
soybean flour (Dijkhof and Poort, 1978) for 5 days. The animals wereprecludes the necessity of concentration of recycling
anaesthetized using an intraperitoneal injection of Nembutal (90 mg/proteins, such as KDELr and rBet1, in retrograde vesi- kg) and perfusion fixed through the left ventricle of the heart, with
cles. In our view, VTCs are concentration by sorting 2% paraformaldehyde and 0.2% glutaraldehyde in 0.1 M sodium
devices, which share several features with the endoso- phosphate buffer (pH 7.4). After perfusion, the pancreas was quickly
mal system (Klumperman et al., 1998b). removed, cut into smaller samples, and postfixed for 2 hr. After
washing in buffer, the samples were embedded in 10% gelatine,It is of interest that we found a steeper increase in
cooled in ice, and cut into 1 mm3 blocks in the cold room. The blocksconcentration from ER to VTCs for Chtg than for Am.
were infused with 2.3 M sucrose at 48C for at least 2 hr, frozen inThese differences likely reflect the slower exit of Am
liquid nitrogen, and stored until cryoultramicrotomy. Ultrathin sec-
from the ER. Am is the only pancreatic proenzyme with tions were picked up according to an improved procedure, using a
enzymatic activity and exhibits affinity to a wide range 1:1 mix of 1.8% methylcellulose and 2.3 M sucrose (Liou et al.,
of glycoconjugates (Posthuma et al., 1987). Am exits 1996).
the ER with exceptionally slow kinetics (Scheele and
Tartakoff, 1985), which has been attributed to transient
Quantitative Immunoelectron Microscopyinteractions of Am with membrane components lining
Preparation of Immunogold-Labeled Cyrosections
the ER cisternal space (Scheele and Tartakoff, 1985). Cryosections were collected on formvar-coated copper grids and
Stronger interactions of Am with membrane compo- incubated with rabbit polyclonal antibodies followed by protein
nents could theoretically also result in a more intense A-gold (Slot and Geuze, 1985). Double immunolabeling was carried
out as described before (Slot et al., 1991), with optimal combinationsretrograde routing of Am from VTCs to ER. The actual
of gold particle sizes and sequences of antibodies.number of Am molecules included in a single retrograde
Labeling Densities of Am and Chtg (Gold/mm2 Surface)vesicle might be low, but the cumulative effect of retro-
and KDELr and rBet1 (Gold/mm Membrane)grade membrane transport between Golgi and ER could
To establish labeling densities of Am, Chtg, KDELr, and rBet1 in
eventually result in the observed low efficiency of Am pre-Golgi compartments (ER, TE, ER buds, and VTCs), 15±25 micro-
concentration. graphs of Golgi-associated transitional areas were taken at a magni-
As previously described in several cell types, including fication of 30,0003 and printed at a final magnification of 70,0003.
Pictures were taken randomly with the only criterion of a well-pre-exocrine pancreatic cells (Oprins et al., 1993; Griffiths
served morphology. The surface area of the compartments waset al., 1995b; MartõÂnez-MenaÂ rguez et al., 1996; Orci et
determined by putting a transparent overlay over the sections dis-al., 1997), COPI-coated buds occur at all levels of the
playing a squared lattice of lines, 2 or 5 mm apart, and countingGolgi stack and the TGN. We now add COPI-coated
the number of intersections that were found over a specific compart-
buds on ISGs. So far, the only coat protein that has ment. Similarly, membrane lengths were determined by counting
been reported to associate with ISGs is clathrin (Orci et the number of intersections of the membranes under study with the
al., 1985; Tooze and Tooze, 1986). Clathrin coats are line lattice overlay (Weibel, 1979). We only took those compartments
into account that fulfilled one of the following criteria. Cisternalthought to mediate export of nonsecretory proteins from
membranes with ribosomes attached were defined as the ER s.s. TEthe regulated secretory pathway for transport to endo-
represented ribosome-free areas of the ER that faced the transitionalsomes (Klumperman et al., 1998a). The presence of
area and displayed membrane buds. All membrane buds and tubulesCOPI on ISGs suggests a role in retrograde transport of
in the plain of the section that were seen in continuity with the TE
membrane components. Like those on VTCs, the COPI were included in the category ER buds. Finally, all tubulo-vesicular
coats on ISGs seemed to exclude secretory proteins membranes at the cis side of the Golgi that were not connected
(Figures 5A and 5C). In regulated secretory cells, the with TEs in the plane of the section were defined as VTC membranes.
For consistency, we included all tubulo-vesicular membranes withhigh flow rate into ISGs may limit the sorting efficiency
no visible connections to the ER into the category VTC. However,of the TGN, necessitating an extended sorting oppor-
since ER buds are of a diameter comparable to that of the putativetunity at the level of ISGs (Klumperman et al., 1998a).
transport vesicles and can attain a length of up to 200 nm, continu-It must be noted, however, that COPI coats on ISGs
ities with TE were not always visible in thin sections (Sesso et al.,
were much less frequent than clathrin-coated buds, 1994). This can explain why important fractions of COPII labeling
suggesting that COPI-mediated transport is a minor were attributed to VTCs (Table 2), which probably belonged to tubu-
pathway. lar ER protrusions.
Labeling densities for Am and Chtg, as shown in Tables 1 and 3,
were expressed as the number of gold particles counted per mm2Experimental Procedures
compartmental surface area (Weibel, 1979). In total, 106 gold parti-
cles were counted for Chtg, and 1222 were counted for Am. LabelingAntibodies
densities of KDELr and rBet1 were expressed as number of goldAffinity-purified polyclonal antibodies against rat pancreatic Am
(Geuze et al., 1979) and Chtg (Geuze and Slot, 1980) were previously particles per mm of membrane. In total, 136 gold particles were
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counted for KDELr, and 106 were counted for rBet1. Labeling densi- Bannykh, S.I., and Balch, W.E. (1997). Membrane dynamics at the
endoplasmic reticulum-Golgi interface. J. Cell Biol. 138, 1±4.ties in COPII-coated vesicles (Table 3) were determined in precisely
the same manner. Bannykh, S.I., and Balch, W.E. (1998). Selective transport of cargo
To study the distribution of Am, Chtg, KDELr, and rBet1 in COPI- between the endoplasmic reticulum and Golgi compartment. Histo-
coated VTC tubules, VTCs were randomly photographed and printed chem. Cell Biol. 109, 463±475.
at a final magnification of 70,0003. Twenty-five VTC tubules double- Barlowe, C., Orci, L., Yeung, T., Hosobuchi, M., Hamamoto, S., Sa-
labeled for COPI and Am, and 40 tubules double-labeled for COPI lama, N., Rexach, M.F., Ravazzola, B., Amherdt, M., and Schekman,
and Chtg, KDELr, or rBet1 were analyzed. Only tubules that were R. (1994). COPII: a membrane coat formed by Sec proteins that drive
positively labeled for the cargo or membrane protein were taken vesicle budding from the endoplasmic reticulum. Cell 77, 895±907.
into account. COPI coats only covered parts of these tubules. Start-
Bendayan, M. (1984). Concentration of amylase along its secretorying from the COPI-coated domain (mostly the tip), each tubule was
pathway in the pancreatic acinar cell as revealed by high resolutionsubdivided into 35 nm segments as shown in Table 4 and Figure
immunocytochemistry. Histochem. J. 16, 85±108.1F. The number of gold particles for Am, Chtg, KDELr, or rBet1 in
Bonfanti, L., Mironov, A.A., Jr., MartõÂnez-MenaÂ rguez, J.A., Martella,each segment was then counted. A transparent overlay with a line
O., Fusella, A., Baldassare, M., Buccione, R., Geuze, H.J., Mironov,lattice with a 1 mm spacing was used to determine the surface
A.A., Luini, A. (1998). Transport of procollagen across the Golgiareas and with a 2 mm spacing to measure the membrane lengths
stack is progressive maturation of Golgi cisternae. Cell 95, 993±1003.of the tubule segments. Like in the previous countings, densities
were expressed as gold particles per mm2 surface area or mm mem- Campbell, J.L., and Schekman, R. (1997). Selective packaging of
brane length. cargo molecules into endoplasmic reticulum-derived COPII vesi-
Relative Distributions of COPI and COPII cles. Proc. Natl. Acad. Sci. USA 94, 837±842.
The relative distributions of COPI and COPII coat complexes were Dijkhof, J., and Poort, C. (1978). Non-parallel secretion of newly
calculated within sections on the same grids, which were sequen- synthesized rat pancreatic proteins after feeding a diet containing
tially labeled with antibodies for COPI (visualized by 10 nm gold) raw soybean flour. Biochem. Biophys. Acta 543, 167±174.
and COPII (visualized by 15 nm gold). The overall (i.e., central versus
Dominguez, M., Dejgaard, K., Fullekrug, J., Dahan, S., Fazel, A.,peripheral) cellular distributions of the two COP coats were as-
Paccaud, J.P., Thomas, D.Y., Bergeron, J.J.M., and Nilsson, T.sessed in sections of 15 randomly selected cells from three different
(1998). Gp25L/emp24/p24 protein family members of the cis Golgianimals at low magnification (80003) in the microscope. For more
network bind both COPI and II coatomer. J. Cell Biol. 140, 751±765.detailed distributions Golgi areas were photographed at 20,0003.
Farquhar, M., and Hauri, H.P. (1997). Protein sorting and vesicularThe photo negatives were scanned using Agfa duo scan in combina-
traffic in the Golgi apparatus. In The Golgi Apparatus, E. Berger andtion with Fotolook 3.0 software in mode Grayscal and displayed on
J. Roth, eds. (Basel, Switzerland: BirkhaÈ user Verlag), pp. 63±128.a computer screen. Gold particles present in the Golgi area were
counted and ascribed to the following compartments: ER, TEs and Fiedler, K., Veit, M., Stamnes, M.A., and Rothman, J.E. (1996). Bi-
modal interaction of coatomer with the p24 family of putative cargomembrane buds of the ER, VTCs, membrane-free areas (electron-
dense membrane-free regions at the ER to Golgi interface, see Re- receptors. Science 273, 1396±1399.
sults), Golgi cisternae, and TGN. The number of gold particles found Geuze, H.J., and Slot, J.W. (1980). Disproportional immunostaining
over each of these compartments was expressed as percentage of patterns of two secretory proteins in guinea pig and rat exocrine
the total. pancreatic cells: an immunoferritin and fluorescence study. Eur. J.
To establish the percentage of COPII-coated vesicles that con- Cell Biol. 21, 93±100.
tained detectable label for Am, Chtg, KDELr, or rBet1, at least 50 Geuze, H.J., Slot, J.W., and Tokuyasu, K.T. (1979). Immunocyto-
COPII-coated vesicles for each protein were analyzed for the pres- chemical localization of Am and chymotrypsinogen in the exocrine
ence or absence of label for the protein under study. COPII vesicles pancreatic cell with special attention to the Golgi complex. J. Cell
were defined as 50±70 nm diamater vesicles that were positively Biol. 82, 697±707.
stained for COPII and in the plain of the section were not visibly
Griffiths, G., Doms, R.W., Mayhew, T., and Lucocq, J. (1995a). Theconnected to the ER.
bulk-flow hypothesis: not quite the end. Trends Cell Biol. 5, 9±13.
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